The degradation of particulate organic matter in the ocean is a central process in the global 9 carbon cycle, the 'mode and tempo' of which is determined by the bacterial communities that 10 assemble on particle surfaces. Although recent studies have shed light on the dynamics of 11 community assembly on particles -which serve as hotspots of microbial activity in the ocean, 12 the mapping from community composition to function, i.e. particle degradation, remains 13 completely unexplored. Using a collection of marine bacteria cultured from different stages of 14 succession on chitin micro-particles we found that the hydrolytic power of communities is 15 highly dependent on community composition. Different particle degrading taxa -all of which 16 were early successional species during colonization-displayed characteristic particle half-17 lives that differed by ~170 hours, comparable to the residence time of particles in the ocean's 18 mixed layer 1 . These half-lives were in general longer in multispecies communities, where the 19 growth of obligate cross-feeders limited the ability of degraders to colonize and consume 20 particles. Remarkably, above a certain critical initial ratio of cross-feeder to degrader cells, 21 particle degradation was completely blocked along with the growth of all members of the 22 community. We showed that this interaction occurred between a variety of strains of different 23 taxonomic origins and that it only appears when bacteria interact with particles, suggesting a 24 mechanism by which non-degrading secondary consumers occlude access to the particle 25 resource. Overall, our results show that micro-scale community ecology on particle surfaces 26 can have significant impact on carbon turnover in the ocean.
Introduction 29 estimate of the concentration of degrading bacteria in coastal waters 19 -and quantified ( ) 111 over a period of 240 h, for four primary degraders and four secondary consumers incubated in 112 media with no carbon source other than the particle. As expected, secondary consumers did 113 not grow on particles in monoculture and therefore did not affect ( ) over the course of the 114 ten-day time-lapse. For primary degraders, instead, ( ) was characterized by a long period 115 of no detectable change, followed by a swelling of the particle and an abrupt collapse (Fig 1C, 116 Sup. movie 2). Measurements of bacterial growth during degradation showed that bacteria 117 grew steadily from the beginning of the incubation, despite no apparent change in particle 118 volume, indicating that depolymerization was a continuous process and that swelling and 119 collapse occurred only after a critical amount of polymer was consumed ( Fig 1C) . Particle 120 swelling indicates that the degradation of cross-linked chitin in the hydrogel allows water 121 molecules to expand the matrix 20 , while the transition from swelling to collapse indicates the 122 point at which depolymerization 'outcompetes' swelling. The type of degradation curves 123 observed for primary degraders (Fig. S2) , with most of the dynamics concentrated on long 124 transients, allowed us to quantify the ability of bacteria to consume particles with a single 125 quantity, the particle half-life, !/! , i.e. the time it took for the particle to decrease to half its 126 volume (see methods). 127 We found a remarkable variation in !/! among the four different primary degraders, 128 despite the fact that all of these isolates appeared early on in the ecological succession on 129 chitin particles ( Fig 1A) . At an initial cell concentration of 5x10 5 cells/ml for all primary chitinases and as such can be subject to cooperative growth dynamics 21 , i.e. a positive 143 dependency between cell densities and growth or depolymerization rates. If cooperativity 144 does play a role, half degradation times would be highly sensitive to cell numbers, increasing 145 disproportionally in cases where cell load is low. To test the relevance of this phenomenon 146 and, in general, to study how !/! depended on initial conditions, we measured degradation 147 kinetics as a function of the initial concentration of primary degrader [ ! ] ! , which until now 148 was arbitrarily set to 5x10 5 cells/ml. In addition, we guided our analysis with simple models 149 of particle degradation and bacterial growth. To construct these models we assumed that 150 particle depolymerization was proportional to the density of bacteria. We studied two 151 possibilities, i) that bacteria grew cooperatively, i.e. with growth rate proportional to ! and 152 > 1, and ii) that cooperativity played no significant role and growth and occurred at fixed, Table S2 ). This behavior implies that the 158 particle half-life is controlled by simple mass action kinetics 22 that-at least in the conditions 159 of our experiment-are not influenced by cooperativity. More precisely, we find that !/! is 160 well described by the following expression,
where ! is the intercept of the lines in Fig 2E and represents a timescale to degradation that is 163 intrinsic to each strain, is the slope and represents the per-capita contribution to the 164 degradation process and −log (
) captures the effect of the primary degrader concentration 165 in the local environment, akin to a chemical potential for the cell-particle reaction.
166
The relationship found in (1) shows that the turnover of particulate organic matter 167 depends on the load of primary degraders in the milieu in a simple, predictable manner. The 168 lack of a cooperativity observed suggests that the possible benefits that bacteria may derive 169 from 'teaming up' are effectively offset by local competition for resources between 170 neighbors. Overall, our results indicate that variation in the composition and abundance of primary degraders can have a significant impact on the rate of particulate organic matter 172 turnover.
To understand how ecological interactions between primary degraders and secondary 175 consumers influence particle degradation, we focused our analysis on two primary degraders 176 and one secondary consumer. We chose the relatively 'slow' degrader, vsple1A01 ( Fig 1CD) in multiple copies in the genomes of primary degraders (Table S1 ). These differences in the 191 genomes of primary degraders and secondary consumers suggest that their functional roles in 192 the community may be determined by the interaction between multiple traits, such as the 193 ability to chemotax towards breakdown products of chitin and to transport them into the 194 periplasm.
195
Co-incubation of mari6B07 with vsple1A01 and palte3D05 showed that mari6B07 196 increased !/! relative to primary degrader monocultures ( Fig 3A) , implying that the cross- was calculated using three replicate particles from the same well, and three different bulk incubations 377 for DNA. D) Particle half-lives for the four different degraders tested with an inoculum of ~5x10 5 cells 378 per ml. E) Number of gene copies of chitinases (Chi), chitin binding proteins (ChB), GlcNAc specific 379 chemotaxis (GTx) and transport (GTr) genes. See also Supplementary Table 1 . (See Fig S3) . E) Linear dependency between the log 2 ([B p ] 0 ) and the particle half-life as predicted by 385
equation (1) validating the simple model of degradation without cooperativity (See also table S2). F) 386
Prediction for log([B] 0 ) vs half-life based on models with (n > 1) or without cooperativity (n = 1). 387 Color scale is the same for both heat maps. The blue highlighted row of the heat map corresponds to 395 the degradation curves in A). For all degradation curves used for the heat maps see FigS6 and FigS7, 396 respectively. C) CFUs of vsple1A01 and marib6B07 during co-culture on chitin particles, showing 397 that marib6B07 acts as a parasite that grows "at the expense" of vsple1A01's yield. I) vsple1A01 in 398 mono-culture. Particle degradation observed at ~5 days. II,III) co-cultures, particle degradation 399 observed at ~8 d and ~11 d, respectively. IV) co-culture: no degradation observed (standard deviations 400 for N=3 replicates). Decrease in CFUs is due to loss of viability after degradation. 401 Syst. Evol. Microbiol. 53, 125-131 (2003) . 
From Eq. 6 the time required to fully degrade the particle can be found by numerically 511 solving the transcendental equation for = ! . Additional analytical insight can be 512 gained, however, by assuming that attachment is slow compared to growth, and 513 hence = ! − ( ). Furthermore, we additionally assume that ≫ 0 and hence 514 ln( !"# − 1) ≈ . This leads to a simple expression for the total degradation time, T, 515 required to fully degrade a particle,
Hence, the degradation time T depends linearly on the logarithm of the attachment rate a, and 517 hence the planktonic concentration of bacteria (see Fig. S4 ) 518 519
Expected half-life for cooperative degraders.
520
To calculate half-lives in the presence of cooperative growth we used the simple model
Unfortunately it is not practical to work with the analytical solutions of these set of equations, 525 so we turn to numerical simulations in which we calculate the time it takes to consume half of 526 the resources ( ( !/! ) = (0)/2). For this simulations we use = 0.01 and = 0.5, and 527 explore the shape of the 0 vs !/! relation by fitting a log linear or a power law 528 relationship. We find that quickly as n > 1 the relationship converges to !/! ~ 1/ (0).
529
Simulations were performed in R using the dSolve package. 
